One contribution of 15 to a theme issue 'Auditory and visual scene analysis'. Recent studies have shown that interindividual variability can be a rich source of information regarding the mechanism of human visual perception. In this study, we examined the mechanisms underlying interindividual variability in the perception of visual motion, one of the fundamental components of visual scene analysis, by measuring neurotransmitter concentrations using magnetic resonance spectroscopy. First, by psychophysically examining two types of motion phenomena-motion assimilation and contrast-we found that, following the presentation of the same stimulus, some participants perceived motion assimilation, while others perceived motion contrast. Furthermore, we found that the concentration of the excitatory neurotransmitter glutamate-glutamine (Glx) in the dorsolateral prefrontal cortex (Brodmann area 46) was positively correlated with the participant's tendency to motion assimilation over motion contrast; however, this effect was not observed in the visual areas. The concentration of the inhibitory neurotransmitter g-aminobutyric acid had only a weak effect compared with that of Glx. We conclude that excitatory process in the suprasensory area is important for an individual's tendency to determine antagonistically perceived visual motion phenomena.
Introduction
Interindividual variability in visual perception has generally been considered to be little more than noise and, therefore, has rarely been the focus of scientific research [1] . However, recent studies have shown that it is correlated with functional and structural aspects of the brain, such as neurotransmitter concentrations and cortical volumes of brain regions. Thus, comparing the differences between individuals' visual perceptions can be a rich source for understanding neural mechanisms of human visual perception. In fact, the concentration of the inhibitory neurotransmitter g-aminobutyric acid (GABA) in the V1 (primary visual cortex) measured using magnetic resonance spectroscopy (MRS) was found to be predictive of the interindividual variability in orientation discrimination performance [2] , visual bistable perception [3] and binocular rivalry after monocular deprivation [4] . In this study, we examined interindividual variability in the perception of visual motion. This is one of the fundamental components of visual scene analysis [5] [6] [7] , but its relationship with neurotransmitter concentrations is not yet understood. About 80% of neurons are excitatory glutamatergic, while the rest are inhibitory GABAergic neurons [8] . Therefore, we used MRS to measure the concentrations of glutamate-glutamine (Glx) and GABA in not only the lower visual & 2017 The Author(s) Published by the Royal Society. All rights reserved.
areas but also in higher areas, such as the motion-sensitive area (MT) and the prefrontal cortex (PFC).
The present study focused on visual motion assimilation and motion contrast. Assimilation and contrast effects are visual phenomena emerging from two fundamental functions of visual scene analysis: the integration and segmentation, respectively, of input images. Well-known classical visual illusions, such as colour assimilation or colour contrast, allow us to investigate how the visual system processes wavelength information to induce consistent colour perception of a scene. Similarly, understanding the characteristics of visual motion assimilation and contrast could reveal how temporally separated retinal input images are integrated or segmented in order to achieve veridical motion perception of a scene. To this end, we used a phenomenon known as visual motion priming, in which both motion assimilation and motion contrast are perceived antagonistically [9] [10] [11] [12] [13] .
During motion priming, when a drifting sine-wave grating is used as a priming stimulus, the perceived direction of a directionally ambiguous test stimulus (grating with a 1808 shift) relies on the presentation duration of the priming stimulus (figure 1a). Following a shorter presentation of the priming stimulus (exact durations are dependent on the individual, as explained below), the test stimulus is perceived to move in the same direction as that of the priming stimulus (motion assimilation or positive priming). However, when the priming stimulus is presented for a longer period of time, the test stimulus is perceived to move in the opposite direction as that of the priming stimulus (motion contrast or rapid motion aftereffect (rMAE); figure 1b).
Neurophysiological studies have suggested that the neural sites responsible for motion assimilation and contrast are different. By applying repetitive transcranial magnetic stimulation, Campana et al. [14] identified a stronger involvement of the V1 than the MT in the perception of motion contrast. Conversely, Jiang et al. [15] used measurements of event-related potentials to conclude that a higher area, such as the MT, is responsible for the induction of motion assimilation. Additionally, psychophysical evidence of the hierarchical relationship between motion assimilation and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160111 contrast has been provided. As, in general, we perceive object motion veridically regardless of any eye, head or body movements that could induce retinal image changes in a complex way, spatiotopic representations have to be constructed at a level higher than V1, where the visual information is encoded retinotopically [16] . In fact, it has been shown that visual motion information is encoded in a spatiotopic coordinate at MT/V5 (and at higher areas) [17, 18] . With respect to visual motion priming, motion contrast is observed exclusively in the retinotopic coordinates [19] [20] [21] , while motion assimilation is observed only in the spatiotopic coordinates, which are non-retinotopic [21] [22] [23] . These psychophysical results suggest that V1 is responsible for motion contrast, while the MT or higher areas are responsible for motion assimilation.
Though it is not possible to determine the specific brain regions involved in each motion phenomenon, psychophysical studies further support the hierarchical hypothesis for motion assimilation and contrast [12, 13, 21] . The validity of these studies depends on robust findings that showed that the dependency of speed and luminance contrast on motion perception can be a clue to the underlying motion mechanisms [24] [25] [26] [27] . The perception of motion contrast becomes stronger with moving stimuli of lower luminance contrast and higher speed, which indicates that a low-level, energy-based, firstorder motion mechanism [28] is responsible for the induction of motion contrast. By contrast, higher-order motion mechanisms such as an attentive-tracking mechanism [29, 30] would be responsible for motion assimilation, as high-contrast, low-speed stimuli tend to induce stronger motion assimilation.
We have identified large interindividual variability in the motion priming data (figure 1c). To examine the underlying mechanism of this variability, we measured the concentrations of Glx and GABA in the following brain regions: the V1, MT and PFC. We selected the three regions based on the hierarchical theory of motion assimilation and contrast described above, and hypothesized three specific outcomes. First, the GABA concentration in V1 predicts the individual differences in several types of visual perception [2] [3] [4] 31] . Therefore, if an individual difference is based on the perceived strength of motion contrast, which might originate in V1, the GABA concentration in the V1 could be correlated with an individual difference because of the inhibitory nature of the motion contrast, a subtype of the motion aftereffect [6, 9, 14] . Second, the MT is known to play a crucial role in visual motion perception [6, 32] , and this representation would be based on the spatiotopic coordinates [17, 18] . Therefore, if an individual difference is rooted in motion assimilation, which might originate in the MT, the neurotransmitter concentration in the MT could be correlated with an individual difference. Third, an individual difference in cognitive functions, such as an attention allocation or a top-down judgement [33, 34] , will result in differences in motion perception between the participants. Alternatively, it could be possible that a mechanism at a level higher than the MT is involved in the induction of motion assimilation, for which a function of the attentional mechanism would be crucial [12] . Thus, we examined whether neurotransmitter concentrations in the dorsolateral PFC (Brodmann area BA 46) are correlated with individual differences in motion perception. We targeted this area because neurons inside are involved in attention allocation to a target in an object-centred coordinate [35, 36] , they are connected with the visual areas including the MT [37] , and they encode both visual motion direction and speed information [38, 39] . We expected that the Glx is important because its concentration has been shown to be related to the attentional status [40, 41] , which could affect perception of motion assimilation.
Material and methods (a) Participants
Thirty-four participants (22 males and 12 females; range ¼ 20-60 years; M age ¼ 36.9 years, s.d. age ¼ 11.2) were recruited for this study. They were right-handed Japanese people with normal or corrected-to-normal vision: the average Edinburgh Handedness Inventory score [42] was 93.8 + 6.0. None had any history of neurological or psychiatric disorders. All gave written informed consent, which was approved by the Ethics and Safety Committees of NTT Communication Science Laboratories and ATR Institute International. Two participants were excluded because MRS data could not be acquired from the PFC. Another three participants were excluded because they did not complete the psychophysical experiment. Thus, the reported results were derived from 29 participants (18 males and 11 females; range ¼ 20-60 years; M age ¼ 37.5 years, s.d. age ¼ 11.9).
(b) Magnetic resonance spectroscopy data acquisition
The procedures of the MRS acquisition were the same as those described by Kondo et al. [43] . MRS data were acquired with a Siemens MAGNETOM Trio 3-T MRI scanner with a 12-channel receive-only head coil. For assessment of cortical thickness and volume, anatomical images were obtained with a T1-weighted pulse sequence (isotropic voxel size of 1 mm 3 ). To minimize confounding factors, we conducted the acquisition of MR spectra at a fixed time, which was one-and-a-half hours from 13.00 to 14.30 h. Three consecutive runs were acquired for each participant from the different voxels. Before each run, we carefully carried out manual shimming (approx. 5 min) of the magnetic field in the voxel to avoid line broadening. MR spectra were obtained by using a GABA spectral editing sequence. For each spectrum, 64 spectral averages of 1024 data points were acquired with a repetition time of 1500 ms and an echo time of 68 ms, resulting in scan duration of 3 min 18 s. We used the short duration to reduce effects of head motion on MR spectra. An editing pulse with bandwidth of 44 Hz was applied at 1.9 ppm (on) and 7.5 ppm (off ) in interleaved scans. The difference of the edited spectra yielded the Glx and GABA peaks (electronic supplementary material, figure S1 ). The unsuppressed water signal was also acquired from the same voxel. GANNET and in-house software was used to quantify total Glx and GABA in the difference spectra. All spectra were phase aligned with reference to water, frequency aligned to creatine and modelled with a simple Gaussian function. The final results were expressed as the ratio of Glx and GABA signal areas ( peaks at 3.76 and 3.00 ppm, respectively) relative to the unsuppressed water signal area (W ).
MR spectra were acquired from three 3 Â 3 Â 3 cm 3 voxels of interest: the V1, the MT and the PFC (electronic supplementary material, figure S1 ). The V1 voxel (BA 17) was positioned onto the calcarine fissure. The voxel considerably overlapped the V1 (BA 17), although it also included surrounding visual areas. The lower face of the voxel was aligned with the cerebellar tentorium to ensure that the volume remained inside the occipital lobe. The MT voxel (BA 19) was centred at the junction of the ascending limb of the inferior temporal sulcus and the lateral occipital sulcus. The dorsolateral PFC voxel (BA 46) was located at the anterior part of the middle frontal gyrus. The MT and PFC voxels were angled parallel to the brain surface of the left hemisphere.
The Glx/W and GABA/W concentrations were quantified in institutional units (i.u.) [44] . The Glx/W and GABA/W 
(c) Psychophysical experiment
The psychophysical experiment was conducted outside the MRI scanner immediately after the MRS data acquisition described above. The visual stimuli were generated by MATLAB (Mathworks Inc.) with the Psychophysics Toolbox extension and were displayed on a 23-inch LCD monitor (Foris 2333, EIZO Ltd) controlled by a computer (13-inch MacBook Pro, Apple Inc.). The monitor's temporal resolution was 60 Hz with a spatial resolution of 1280 Â 1024 pixels and 8-bit grey-level resolution. The monitor output was gamma-corrected with a ColorCAL MKII colorimeter (Cambridge Research Systems Ltd). The participants observed the display with the aid of a chinrest. The patterns were binocularly viewed at a distance of 57 cm.
A schematic description of the stimuli in a single trial is illustrated in figure 1a. The priming stimulus was a vertical drifting sine-wave grating displayed in a rectangular window that measured 10.08 (width) Â 3.38 (height). The edges of the stimulus were tapered by a Gaussian function with s ¼ 1.08. The stimulus was presented on a uniform grey-coloured background (CIE1931; x ¼ 0.31, y ¼ 0.33) that had the same luminance as the space-averaged luminance of the sine-wave grating (82.0 cd m
22
). The drift direction of the priming stimulus was either rightward or leftward, and its velocity was set at 6.08 s
21
. The presentation duration of the priming stimulus was varied from 50.0 to 1066.7 ms in 11 steps.
A directionally ambiguous test stimulus was generated by shifting the phase of the grating by 1808, as in previous studies [9, 13] . To equate the velocities of the priming and test stimuli, the phase of the test stimulus was shifted every 167 ms, which corresponded to the time to shift the priming stimulus by 1808. The total duration of the test stimulus was 667 ms. The spatial frequency of both priming and test stimulus was 0.5 cycles per degree and their Michelson contrast was set at 50%. A black fixation cross (1.0 Â 1.08) was displayed to assist the participants in maintaining fixation.
Immediately following MRS data acquisition, participants performed the direction judgement task used to estimate the motion priming effect. The priming stimulus displayed 500 ms after a beep signalling the start of each trial. The test stimulus was presented right after the termination of the priming stimulus. The participants' task was to indicate the perceived direction of the test stimulus (leftward or rightward) by pressing the appropriate arrow keys. After pressing the key, a 1 s inter-trial interval, in which a uniform field with space-averaged luminance and the fixation cross was displayed, was inserted to reduce the effect of the former trial. Each session comprised 132 trials; six trials for each of 11 presentation duration of the priming stimulus and for the two directions of the priming stimulus (leftward or rightward), presented in random order. Each participant completed three sessions. They underwent at least 30 practice trials prior to the actual data acquisition. Figure 1c shows the results of the psychophysical experiment for all participants. The per cent of motion assimilation responses is plotted as a function of the duration of the priming stimulus presentation, in milliseconds. When more than 50% of the responses represented motion assimilation, the participants reported that the perceived direction of the test stimulus was in the same direction as that of the priming stimulus in the majority of the trials. When fewer than 50% of the responses were scored as motion assimilation, the participants reported that the motion was in the opposite direction of the priming stimulus (i.e. motion contrast) in the majority of the trials. The best-fit sigmoidal function for the data for each participant is shown in figure 1c (see also electronic supplementary material, figure S2 ) and was generally a good fit (median R 2 ¼ 0.88).
Results
As shown in figure 1c , a shorter priming stimulus induced motion assimilation, while a longer one induced motion contrast for all of the participants. In addition, we found interindividual variability: the presentation duration required to induce a switch from motion assimilation to motion contrast (50% of motion assimilation response on the vertical axis) greatly varied between participants. We refer to this presentation duration as the 'motion transition point', and re-plot it in figure 1d. As shown in this plot, the motion transition point varied from 38 to 838 ms. Thus, some participants perceived motion assimilation while others perceived motion contrast for the same stimulus. Figure 2 shows the relationship between the motion transition point and the concentrations of two types of neurotransmitters, GABA and Glx, in the V1, MT and PFC. Pearson's correlation coefficient r, the 95% confidence interval (95% CI) and the p-value were obtained, where the 95% CIs were calculated using bootstrapping with replacement with 100 000 iterations. We found a statistically significant positive correlation between the motion transition point and the concentration of Glx in the PFC (r ¼ 0.69; 95% CI, 0.43-0.84, p , 0.0001). This significant positive correlation was confirmed with a Bonferroni correction for multiple comparisons. In the V1 and MT, we did not find a significant correlation between the motion transition point and the concentrations of either GABA or Glx. We also confirmed these conclusions when age of participants was controlled for (r ¼ 0.69, for the correlation between the motion transition point and the concentration of Glx in the PFC). Thus, we conclude that participants with a larger Glx concentration in the PFC tended to perceive motion assimilation after a longer presentation of the priming stimulus.
Discussion
By psychophysically estimating the effect of motion priming, we found a large interindividual variability in the transition point between motion assimilation and motion contrast (figure 1d). Even when the presentation duration of the priming stimulus was the same, the perceived direction was dependent on the individual participants. We also found that the Glx concentration in the PFC was positively correlated with the motion transition point, but not in the visual areas. We found a weaker relationship between GABA concentration and interindividual variability than with Glx concentration and interindividual variability. The present study using MRS provides direct evidence showing that the excitatory process in the suprasensory areas is linked to the individual differences in visual motion perception.
The results seem to support our third hypothesis that the neurotransmitter concentration in the higher areas that rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160111 execute cognitive functions is related to the interindividual variability in the perception of visual motion. As described above, the neurons in the PFC (BA 46) exhibit motion sensitivity [38, 39] and function to allocate attention to a visual target in the object-centred coordinate [36, 37] , while a higherorder, attention-driven motion mechanism functioning on the spatiotopic coordinate would be responsible for the induction of motion assimilation [12, 21, 22] . Additionally, a relationship between Glx concentrations and the function of attention has been found in adults with attention-deficit hyperactivity disorder (ADHD) [40] or autism spectrum disorders (ASD) [41] . These suggest that lower Glx concentrations are associated with more severe symptoms of inattention. Maltezos et al. [40] also showed that the Glx concentration is lower at the left dorsolateral PFC even though it was not statistically significant after Bonferroni's correction. We speculate from these results that a less inattentional status of the participants who showed a high concentration of Glx in this study might strengthen the perception associated with motion assimilation, which would eventually lengthen the motion transition point.
Our further speculation is based on the fact that the BA 46 region of the PFC is located at the top of the anatomical hierarchy of the prefrontal areas [36, 45] . As motion assimilation and contrast are perceived antagonistically (figure 1b), a final percept must be determined at a higher stage of visual motion processing. As the PFC would play a key role in the function required for decision making [35] [36] [37] , it is possible that the excitatory mechanism in the PFC is important for determining the final percept of visual motion. If so, motion assimilation should be a preferable alternative to motion contrast, as the PFC itself could be one of the possible neural sites for inducing motion assimilation.
Though our results do not indicate an involvement of an inhibitory process (figure 2), we should note that these arguments do not rule out the possibility that the interindividual variability in motion contrast (if it exists) is related to the neurotransmitter concentrations, particularly those of GABA, in the early visual areas, such as V1 [2] [3] [4] . Neurophysiological studies have shown that a moving stimulus with a very short duration, such as several hundred milliseconds, is sufficient to change the adaptation status of directionally selective neurons located at V1 [46] . This type of rapid adaptation of directionally selective neurons is assumed to be an underlying mechanism of motion contrast (or rMAE) [47] . In contrast with our study, van Loon et al. [3] found that the GABA concentration in the V1, but not the Glx concentration in the PFC, is correlated with the dynamics of visual bistable perception. We speculate that this disparity is likely to be because they examined a single phenomenon showing ambiguity between two statuses, while we examined two separate phenomena that originate from different neural sites. An examination of the relationship between the perceived strength of each single motion phenomenon and the concentrations of neurotransmitters in the V1 should be performed in future studies. A similar argument can be applied to the fact that we did not find a correlation between the individual differences in motion perception and the neurotransmitter concentrations in the MT, where it is crucially important for motion perception [6, 32] . If we examine the relationship between the neurotransmitter concentrations and the perceived strength of motion assimilation in the spatiotopic coordinate, but not motion contrast in the retinotopic coordinate, we might have some clues regarding the function of neurotransmitters on visual motion perception in the MT.
The main conclusion to be drawn from this study is that the function of integration and segmentation of input retinal images based on motion information differs for each individual, where the origin of this variability would lie in the function of an excitatory mechanism in the prefrontal area. The question of how this interindividual difference in visual scene analysis by motion is reflected in our daily life is beyond the scope of this study. Our speculation is that interindividual variability should play a key role in one's ability to perform actions highly depending on visual motion and attention, such as driving a car or hitting a tennis ball. Then, the concentration of excitatory neurotransmitters could be one of the basis of the variability in such actions, in addition to that of the variability in disorders such as ADHD or ASD [40, 41] . Data accessibility. Supporting data for this article are presented in the electronic supplementary material, figures S1 and S2.
